INTRODUCTION
============

Several sophisticated regulatory mechanisms are used to maintain immune homeostasis, prevent autoimmunity and moderate the level of inflammation induced by pathogens and environmental insults ([@b49-molce-39-6-468]). The actions of CD4^+^ regulatory T (Treg) cells expressing forkhead box P3 (Foxp3) are now widely accepted as the primary mediators of peripheral tolerance ([@b49-molce-39-6-468]). Treg cells can be divided into the following two subsets based on their site of origin: naturally occurring Treg (nTreg) cells generated in the thymus and induced Treg (iTreg) cells that acquire Foxp3 expression and a suppressor function in the periphery ([@b14-molce-39-6-468]). Interleukin-2 (IL-2) and transforming growth factor-β (TGF-β) are necessary for the generation of nTreg cells and iTreg cells as well as for the maintenance and survival of both subsets in the periphery ([@b4-molce-39-6-468]; [@b5-molce-39-6-468]; [@b6-molce-39-6-468]; [@b28-molce-39-6-468]; [@b28-molce-39-6-468]; [@b37-molce-39-6-468]).

CD103 is the α chain of the integrin αEβ7, which provides tissue retention at sites that are enriched in E-cadherin, particularly at the epithelial lining of the gut, lungs and skin as well as at sites of inflammation ([@b21-molce-39-6-468]). In Treg cells, CD103 was identified as a marker of a highly potent Treg cell subset isolated from murine secondary lymphoid organs ([@b3-molce-39-6-468]; [@b27-molce-39-6-468]; [@b35-molce-39-6-468]). CD103^−^ Treg cells circulate through lymphoid tissues, whereas CD103^+^ Treg cells display an activated/memory-like phenotype, expressing multiple adhesion molecules and receptors for inflammatory chemokines ([@b18-molce-39-6-468]). When these cells migrate into the inflamed site of an ongoing disease model, they efficiently suppress immune responses *in situ* ([@b3-molce-39-6-468]; [@b18-molce-39-6-468]; [@b27-molce-39-6-468]; [@b53-molce-39-6-468]). Although CD103^+^ activated/memory-like Tregs predominantly develop in the course of the *in vitro* ([@b42-molce-39-6-468]) and *in vivo* ([@b45-molce-39-6-468]) generation of iTregs as well as the activation of nTregs when they encounter cognate antigens in the periphery ([@b45-molce-39-6-468]), a small number of CD103^+^ Treg cells still develop from the wild-type (WT) thymus with an activated/memory-like phenotype ([@b2-molce-39-6-468]; [@b47-molce-39-6-468]). However, the mechanisms by which Treg cells express CD103 molecules on their surface have not been thoroughly investigated.

Unlike mouse thymocytes, human fetal thymocytes express major histocompatibility complex (MHC) class II molecules on their surface ([@b38-molce-39-6-468]). Research has suggested that CD4 T cells can be positively selected by interactions with other developing thymocytes expressing MHC class II molecules, which was referred to as thymocyte-thymocyte (T-T) interaction ([@b8-molce-39-6-468]). This was confirmed in plck-CIITA transgenic (CIITA^Tg^) C57BL/6 mice, in which proximal lck promoter-driven expression of the human MHC class II transactivator (CIITA) transgene in developing thymocytes and mature T cells induced the expression of MHC class II molecules on the surface of these cells ([@b9-molce-39-6-468]; [@b25-molce-39-6-468]; [@b29-molce-39-6-468]). In these mice, thymocytes recognized MHC class II and self-peptide complex presented by other thymocytes, and this MHC class II-dependent T-T interaction interestingly allowed for the generation of innate CD4 T cells expressing promyelocytic leukemia zinc finger protein (PLZF) ([@b25-molce-39-6-468]). This was a recapitulation of the previously reported developmental process of CD1d-restricted invariant natural killer T (iNKT) cells, another well-documented innate type of T cell: they are positively selected by the T-T interaction (restricted to CD1d molecules expressed on thymocytes) and express PLZF molecules ([@b48-molce-39-6-468]). Importantly, the existence of human PLZF^+^ innate CD4 T cells was demonstrated in human fetal thymuses and spleens, signifying that the T-T interaction is a physiological event ([@b24-molce-39-6-468]; [@b25-molce-39-6-468]). Although PLZF^+^ innate CD4 T cells are somewhat different from iNKT cells in that they have a diverse TCR repertoire and are restricted by MHC class II molecules ([@b19-molce-39-6-468]; [@b25-molce-39-6-468]), these two cell types share the following functional features: rapid production of both IL-4 and interferon-γ (IFN-γ) upon TCR stimulation and sole dependence on the signaling lymphocytic activation molecule (SLAM) and SLAM-associated protein (SAP) signal pathway in their generation ([@b1-molce-39-6-468]; [@b24-molce-39-6-468]; [@b30-molce-39-6-468]). Recently, several groups reported the significant role of IL-4 produced by these two types of cell in the generation of activated/memory-like T cells in the thymus: eomesodermin-expressing innate CD8 ([@b36-molce-39-6-468]; [@b52-molce-39-6-468]) and CD4 ([@b20-molce-39-6-468]; [@b40-molce-39-6-468]; [@b41-molce-39-6-468]) T cells. These studies imply that changes in the cytokine milieu can alter the properties of developing bystander thymocytes.

In the present study, we investigated whether PLZF^+^ innate T cells would also affect the development and function of Foxp3^+^ regulatory CD4 T cells via producing IL-4. To test this, we first dissected the thymus of CI ITA^Tg^ and BALB/c mice and found that PLZF^+^ innate T cells augmented the generation of CD103^+^ activated/memory-like nTreg cells in the thymus of these mice. In terms of the mechanism controlling this event, the acquisition of the activated/memory-like phenotype of nTreg cells depended on TGF-β, and IL-4 synergistically enhanced the effect of this cytokine. Interestingly, the major sources of IL-4 were PLZF^+^ innate CD4 T cells in CIITA^Tg^ mice and iNKT cells in WT BALB/c mice. These findings indicate that PLZF^+^ innate T cells allow both effector and regulatory T cells to be activated in the thymus prior to their exit to the periphery.

MATERIALS AND METHODS
=====================

Mice
----

As described previously, CIITA^Tg^ mice were generated in our laboratory ([@b9-molce-39-6-468]). In this transgenic mouse model, the expression of the human CIITA gene is under the control of the proximal lck promoter, which is first expressed early in thymocyte development at the double negative stage. C57BL/6 (wild type, CD45.1 congenic, IL-4^−/−^, and Plzf *^lu/lu^*) and BALB/c (wild type, IL-4^−/−^, and CD1d^−/−^) mice were purchased from Jackson Laboratory (USA). Mice carrying a deletion of the *Mhc2ta* promoter IV (PIV^−/−^) were kindly donated by H. Acha-Orbea (University of Lausanne, Switzerland). Positive selection of CD4 T cells is abrogated in this mouse model due to the absence of MHC class II expression in thymic epithelial cells. Backcrossing CIITA^Tg^ mice to PIV^−/−^ mice produced CIITA^Tg^PIV^−/−^ mice, where positively selecting signals are only provided by MHC class II-expressing thymocytes due to the lack of MHC class II molecules on thymic epithelial cells. Foxp3-IRES-green fluorescent protein (GFP) knock-in mice were a generous gift from Dr. A. Rudensky (University of Washington, USA). Breeding CIITA^Tg^ mice with Plzf*^lu/lu^* or IL-4^−/−^ mice resulted in CIITA^Tg^Plzf*^lu/lu^* or CIITA^Tg^IL-4^−/−^ mice, respectively. CIITA^Tg^PIV^−/−^ mice were bred with Foxp3-GFP knock-in mice to obtain Foxp3-GFP knock-in CIITA^Tg^PIV^−/−^ mice. All animals were bred or maintained under specific pathogen-free conditions in the animal facility at the Center for Animal Resource Development at Seoul National University College of Medicine. Experiments were performed after receiving approval from the Institutional Animal Care and Use Committee of the Institute of Laboratory Animal Resources at Seoul National University.

Antibodies and flow cytometric analysis
---------------------------------------

The following fluorochrome- or biotin-labeled antibodies were purchased from BD Bioscience (USA) or eBioscience (USA): anti-CD4 (RM4-5), anti-CD8 (53--6.7), anti-CD11c (HL3), anti-CD25 (PC61), anti-TCRβ (H57-597), anti-CD45.1 (A20), anti-CD45.2 (104), anti-CD39 (24DMS1), anti-CD44 (IM7), anti-CD54 (3E2), anti-CD62L (MEL-14), anti-CD73 (TY/23), anti-CD103 (M290), anti-CD127 (7R34), anti-CTLA4 (UC10-4F10-11), anti-CXCR3 (CXCR3-173), anti-CCR4 (2G12), anti-CCR5 (HM-CCR5(7A4)), anti-CCR7 (4B12), anti-I-Ab (AF6-120.1), anti-Gr-1 (RB6-8C5), anti-Siglec F (E50-2440), and anti-Foxp3 (FJK-16s) antibodies. Cell surface staining was performed in fluorescence-activated cell sorting (FACS) buffer \[1× phosphate-buffered saline (PBS) with 0.1% bovine serum albumin and 0.1% sodium azide\] with different combinations of antibodies for 30 min at 4°C. Intracellular staining of Foxp3 was performed in accordance with the instructions of the Foxp3 staining kit (eBiosciences, USA). Samples were analyzed using a BD LSRFortessa™ (Becton-Dickinson, USA), and the acquired data were further processed with FlowJo software (Becton Dickinson, USA).

*In vitro* Treg suppression assays
----------------------------------

To determine the suppressive ability of Treg cells, CD4^+^GFP^+^ Treg cells were isolated from the spleens of CD45.1^+^ Foxp3-IRES-GFP knock-in mice and CD45.1^+^ Foxp3-IRES-GFP knock-in CIITA^Tg^PIV^−/−^ mice using a BD FACSAria™ III Cell Sorter. The responder CD4^+^GFP^−^ T cell population was collected from the spleens of CD45.2^+^ Foxp3-IRES-GFP knock-in mice by the same procedure as described above; the purity was usually greater than 95%. Sorted CD4^+^GFP^−^ responder T cells (5.0 × 10^4^) were labeled with carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes, USA) (0.5 μM) and cultured with Dynabeads^®^ Mouse T-Activator CD3/CD28 (Gibco, USA) at a 1:1 ratio (beads-to-cells) in a 96-well round-bottomed culture plate. CD4^+^GFP^+^ Treg cells were added to culture wells at various ratios (1:1, 1:3, and 1:9). The experiments were performed in triplicate. After 72 h of co-culture, cells were harvested and stained with allophycocyanin (APC)-conjugated CD45.1 and then analyzed using BD FACSCalibur™ (Beckton Dickinson, USA).

Bone marrow chimeras
--------------------

Recipient CIITA^Tg^ PIV^−/−^ mice were exposed to total body irradiation of 900 rad from a \[^137^Cs\] source in two split doses that were given 4 h apart. The mice were then rested for 24 h before being administered bone marrow cells. Total bone marrow cells were extracted from the femurs and tibiae of donor mice, and T cells were depleted by the magnetic sorting method (Miltenyi Biotech, USA). Each recipient mouse received 3 × 10^6^ T-cell-depleted bone marrow cells in a volume of 300 ml of PBS via lateral tail vein injection, and the thymus and spleen were analyzed 8 weeks later.

Fetal thymic organ culture
--------------------------

On embryonic day 15.5 (E15.5), fetal thymuses from C57BL/6 mice were removed and cultured on polycarbonate filters (pore size, 0.8 mm; Millipore, USA) in RPMI 1640 medium supplemented with 10% fetal bovine calf serum (HyClone, USA), 1% penicillin and streptomycin (HyClone), and 50 nM 2-mercaptoethanol (Sigma, USA) in the presence or absence of mouse IL-4 (10 ng/ml; PeproTech, USA) and/or TGF-β1 (15 ng/ml; Cell Signaling, USA). Where appropriate, 1 μM SB431542 (selective inhibitor of TGF-β type 1 receptor kinases) or 10 μg/ml neutralizing antibody to TGf-β (1D11; R&D Systems, USA) was added once in 2 days. After 7 days, the thymuses were harvested and single-cell suspensions were prepared and analyzed for their CD4, CD8, Foxp3, and CD103 expression levels by flow cytometry.

Induction of allergic airway inflammation
-----------------------------------------

C57BL/6 mice were sensitized i.p. with 100 μg of ovalbumin emulsified in 50 μl of PBS containing 2 mg of aluminum hydroxide (Thermo Fisher, USA) on days 0 and 7. Cells sorted as GFP^+^ Treg cells (2.0 × 10^5^) were transferred to the sensitized mice i.v. 1 day before the initial intranasal challenge (on day 13). The challenge consisted of the intranasal administration of 50 μg of ovalbumin in 50 μl of PBS, and the challenge was performed for three consecutive days (from day 14 to day 16). Animals were anesthetized with isoflurane for pain relief. Twenty-four hours after the last challenge, mice were sacrificed for further analysis (on day 17).

Isolation of bronchoalveolar lavage fluid and lung cells
--------------------------------------------------------

To obtain bronchoalveolar lavage (BAL) cells, the trachea was cannulated and the lungs were lavaged with 3 ml of PBS. The total and differential cell counts of BAL were determined using a hemocytometer and cytospin preparations stained with Hema-color^®^ for microscopic analysis (Merck, Germany). After collecting BAL cells, the lungs were immediately removed, minced, and placed in 4 ml of complete RPMI 1640 containing 1 U/ml collagenase D and 1 mg/ml DNase I (Roche, USA); they were incubated at 37°C for 1 h with shaking at 200 rpm. After incubation, the cells were pelleted and treated with 2 ml of ACK lysis buffer to remove red blood cells. The remaining tissue was forced through a 70-μm cell strainer, washed thoroughly with complete RPMI 1640, and counted via trypan blue exclusion. Further analysis was sequentially performed.

Histological analysis
---------------------

After collecting BAL cells, the lungs were infused with neutral buffered 10% formalin to approximate the normal state of inflation, and then harvested. The tissues were preserved in formalin for more than 24 h and then subjected to routine paraffin processing and hematoxylin and eosin staining

Statistical analysis
--------------------

All data were analyzed using GraphPad Prism software (GraphPad Software, USA). Bar graphs show the percentage of each cell represented as the mean ± standard error of the mean (SEM), and the data were compared using an unpaired *t*-test.

RESULTS
=======

The activated/memory phenotype Foxp3^+^CD4^+^ nTreg fraction was increased in mice with abundant PLZF^+^ innate T cells in their thymus
---------------------------------------------------------------------------------------------------------------------------------------

To investigate whether PLZF^+^ T-T CD4 T cells affect the development of Treg cells, we compared the Foxp3^+^CD4^+^ nTreg population in the thymuses of WT and CIITA^Tg^ mice. As previously reported ([@b25-molce-39-6-468]), the thymus of CIITA^Tg^ mice contained abundant PLZF^+^ CD4 T cells that were selected by the MHC class II-dependent T-T interaction ([Fig. 1A](#f1-molce-39-6-468){ref-type="fig"}). We also used CIITA^Tg^PIV^−/−^ mice in which most of the CD4 T cells are selected only by MHC class II-self peptide complexes that are presented by the other thymocytes; therefore, a much higher number of PLZF^+^ innate T cells were detected compared with those of CIITA^Tg^ mice ([Fig. 1A](#f1-molce-39-6-468){ref-type="fig"}). When we counted the absolute number of thymic and splenic Foxp3^+^ Treg cells, we could not find any significant difference among WT, CIITA^Tg^ and CIITA^Tg^PIV^−/−^ mice ([Fig. 1B](#f1-molce-39-6-468){ref-type="fig"}). However, CIITA^Tg^ and CIITA^Tg^PIV^−/−^ mice were found to have larger fractions of CD103^+^ Treg cells than the WT mice ([Fig. 1C](#f1-molce-39-6-468){ref-type="fig"}). These findings indicate that there is a correlation between the number of PLZF^+^ innate T cells and the number of CD103^+^ Treg cells in both central and peripheral lymphoid organs.

The α integrin, CD103, is a well-known marker for discriminating activated/memory-like subsets of Treg cells ([@b18-molce-39-6-468]). Unlike their CD103^−^ counterparts, CD103^+^Foxp3^+^ Treg cells display an activated/memory-like phenotype, expressing multiple adhesion molecules and receptors for inflammatory chemokines. Consistent with these previous reports ([@b18-molce-39-6-468]; [@b47-molce-39-6-468]), we again confirmed that CD103^+^ Treg cells in WT mice had an activated/memory-like phenotype from the thymus based on the up-regulation of CD44, CD54, CD127 and inducible T-cell co-stimulator (ICOS) and down-regulation of CD62L ([Fig. 2A](#f2-molce-39-6-468){ref-type="fig"}). This expression pattern of surface molecules was also observed in CD103^+^ Treg cells of CIITA^Tg^PIV^−/−^ mice. Next, we investigated the expression pattern of inhibitory surface molecules and tissue-homing chemokine receptors. Compared with CD103^−^ Treg cells from WT mice, CD103^+^ Treg cells from either WT or CIITA^Tg^PIV^−/−^ mice showed higher expression levels of inhibitory surface molecules (GITR, CD39, CD73 and CTLA-4) ([Fig. 2B](#f2-molce-39-6-468){ref-type="fig"}) and tissue-homing chemokine receptors (CXCR3, CCR4, and CCR5) ([Fig. 2C](#f2-molce-39-6-468){ref-type="fig"}) from the thymus. The reduced level of surface CCR7 also supported the activated/memory-like phenotype. All of these findings demonstrated that CD103^+^ Treg cells have similar expression patterns of surface molecules, regardless of their origin (WT or CIITA^Tg^PIV^−/−^). Therefore, the altered thymic environment due to the abundance of PLZF^+^ innate T cells only increased the number of CD103^+^ Treg cells from the thymus, preserving their well-documented activated/memory-like properties.

IL-4 produced by thymic PLZF^+^ inate T cells enhances the generation of activated/memory-like Treg cells
---------------------------------------------------------------------------------------------------------

Previous studies have demonstrated that in the thymus of CIITA^Tg^ and CIITA^Tg^PIV^−/−^ mice and *itk*^−/−^ mice, PLZF^+^ innate T cells induced the generation of activated/memory-like CD8 ([@b36-molce-39-6-468]; [@b52-molce-39-6-468]) and CD4 ([@b20-molce-39-6-468]; [@b40-molce-39-6-468]; [@b41-molce-39-6-468]) T cells in an IL-4-dependent manner. Based on this, we further investigated whether PLZF^+^ innate T cells also contributed to the development of activated/memory-like Treg cells in thymus of CIITA^Tg^ mice. For this, Treg cells in the thymus of CIITA^Tg^ mice were compared with those of CIITA^Tg^IL-4^−/−^ mice as well as CIITA^Tg^Plzf*^lu/lu^*, in which PLZF expression is genetically deficient. In this comparison, we found that the CIITA^Tg^Plzf*^lu/lu^* or CIITA^Tg^IL-4^−/−^ mice clearly showed a reduction in activated/memory-like Treg cell frequency compared with the CIITA^Tg^ mice: it was basically reduced to the level of WT and IL-4^−/−^ control mice ([Fig. 3A](#f3-molce-39-6-468){ref-type="fig"}). These findings strongly suggest a role of IL-4 produced by PLZF^+^ cells in the generation of activated/memory-like Treg cells in the thymus of CIITA^Tg^ mice.

Next, we evaluated whether IL-4 plays this role in WT mice. Among various strains of wild type mice, BALB/c strain is known to have a much higher number of PLZF^+^ innate T cells in the thymus than C57BL/6 mice ([@b23-molce-39-6-468]; [@b26-molce-39-6-468]). Most of the PLZF^+^ innate T cells in the BALB/c thymus are CD1d-dependent iNKT cells. Therefore, we compared the CD103^+^ Treg population in the thymus of WT BALB/c mice with that of BALB/c.CD1d^−/−^ mice, in which iNKT cells could not develop. We also used BALB/c.IL-4^−/−^ mice to assess the role of IL-4 in the development of CD103^+^ Treg cells in the BALB/c strain. Notably, we more frequently found activated/memory-like Treg cells from WT BALB/c mice than from BALB/c.CD1d^−/−^ and BALB/c.IL-4^−/−^ mice in both the thymus and the spleen ([Fig. 3B](#f3-molce-39-6-468){ref-type="fig"}). This also supports the previous finding from CIITA^Tg^ mice that IL-4 produced by the increased number of PLZF^+^ innate T cells is set in motion to generate activated/memory-like Treg cells from the thymus.

TGF-β signaling is responsible for the generation of activated/memory-like Treg cells in the thymus
---------------------------------------------------------------------------------------------------

To determine whether IL-4 alone can induce the activated/memory-like phenotype of Treg cells, we performed fetal thymic organ culture (FTOC) in the presence of IL-4. It was shown that IL-4 alone was unable to induce this phenotype of Treg cells ([Fig. 4A](#f4-molce-39-6-468){ref-type="fig"}); instead, it reinforced the effect of TGF-β, which was reported to be a potent factor driving CD103 expression on conventional T cells ([@b12-molce-39-6-468]; [@b16-molce-39-6-468]; [@b22-molce-39-6-468]; [@b43-molce-39-6-468]; [@b50-molce-39-6-468]) as well as iTreg cells ([@b45-molce-39-6-468]). Moreover, this TGF-β-induced effect during FTOC was almost completely inhibited by a specific inhibitor of activin-like kinase 5 (ALK5) (SB-431542) and TGF-β neutralizing antibody (1D11) ([Fig. 4B](#f4-molce-39-6-468){ref-type="fig"}), confirming the capacity of TGF-β to induce the expression of CD103 on Treg cells during their ontogeny. Then, to validate whether TGF-β signaling is actually responsible for the increased CD103^+^ Treg cells *in vivo,* bone marrow chimeras were established. Based on the fact that Smad proteins are major mediators of intracellular TGF-β signaling ([@b28-molce-39-6-468]), mixed bone marrow cells from CD45.1^+^ CIITA^Tg^ mice and CD45.2^+^ WT or Smad4^−/−^ mice were transferred to irradiated CD45.1/CD45.2^+^ CIITA^Tg^PIV^−/−^ mice, in which both WT and Smad4^−/−^ thymocytes can be positively selected by MHC class II-expressing double positive thymocytes. Flow cytometry analysis was performed 8 weeks after bone marrow transfer, and the CD103^+^ fraction of Smad4^−/−^ Treg cells was compared with that of WT bone marrow-derived Treg cells. As shown in [Fig. 4C](#f4-molce-39-6-468){ref-type="fig"}, the frequency of CD103^+^ Treg cells was markedly lower in the Smad4^−/−^ compartment than that from CIITA^Tg^ cells, while there was no significant difference in the frequency of CD103^+^ cells between Treg cells derived from WT and CIITA^Tg^ bone marrow cells. These findings indicate that TGF-β signaling is important for the generation of activated/memory-like Treg cells in an environment where there are abundant PLZF^+^ innate T cells. Taking these findings together, we suggest that TGF-β is indispensable for the activated/memory-like phenotype of nTreg cells in cooperation with IL-4.

Treg cells of CIITA^Tg^PIV^−/−^ mice exhibited enhanced suppressive activity during airway inflammation
-------------------------------------------------------------------------------------------------------

To determine whether the activated/memory-like phenotype of Treg cells from CIITA^Tg^PIV^−/−^ mice is directly related to their suppressive function, an *in vitro* suppressive assay was performed following a previously described method ([@b10-molce-39-6-468]). As expected, Treg cells of CIITA^Tg^PIV^−/−^ mice suppressed the proliferation of effector T cells in a dose-dependent manner, indicating their competence for performing suppression. Treg cells from CIITA^Tg^PIV^−/−^ mice suppressed effector T cell proliferation more efficiently under 1:1 (Teff:Treg) culture conditions than WT Treg cells. However, they did not show higher suppressive activity under conditions of fewer Treg cells than effector T cells ([Fig. 5A](#f5-molce-39-6-468){ref-type="fig"}). It has been reported that CD103^+^ Treg cells are not superior regarding the suppression of effector T cell proliferation under some *in vitro* culture conditions compared with the CD103^−^ subset ([@b7-molce-39-6-468]; [@b47-molce-39-6-468]). Therefore, we decided to assess the *in vivo* suppressive function of Treg cells from CIITA^Tg^PIV^−/−^ mice using the ovalbumin-induced airway hypersensitivity model based on a previous report describing that Treg cells accumulate and attenuate the inflammatory response in the lungs of ovalbumin-induced allergic mice in a CCR4-dependent manner ([@b13-molce-39-6-468]; [@b44-molce-39-6-468]). C57BL/6 mice were first sensitized by an intraperitoneal injection of ovalbumin emulsified in an aluminum-based adjuvant on days 0 and 7. Then, 2 × 10^5^ Treg cells isolated from Foxp3-GFP knock-in C57BL/6 or CIITA^Tg^PIV^−/−^ mice were transferred to the sensitized mice 1 day before the first intranasal ovalbumin challenge. After 3 days of consecutive intranasal ovalbumin challenge, the severity of airway inflammation was assessed 24 h after the final ovalbumin challenge (on day 17). Differential BAL cell counts revealed an intense influx of immune cells, including eosinophils, neutrophils, macrophages and lymphocytes, into the airways of mice exposed to ovalbumin compared with that in intact mice ([Fig. 5B](#f5-molce-39-6-468){ref-type="fig"}). Flow cytometry analysis of the ovalbumin-challenged lung showed the severe inflammatory status, with the percentage of infiltrated eosinophils being six times higher (CD11c^−^ MHCII^−^ Siglec-F^hi^-Gr-1^int^ cells; [Fig. 5C](#f5-molce-39-6-468){ref-type="fig"}) than in PBS-challenged control lung. Intriguingly, Treg cells from Foxp3-GFP knock-in CIITA^Tg^PIV^−/−^ mice significantly protected the infiltration of eosinophils and neutrophils into both the BAL and the lung, whereas Treg cells of Foxp3-GFP knock-in C57BL/6 mice did not show any significant protection in this disease model ([Figs. 5B and 5C](#f5-molce-39-6-468){ref-type="fig"}). Additionally, histological analysis again clearly supported the attenuated cellular infiltration in the lungs of the mice that received Treg cells from Foxp3-GFP knock-in CIITA^Tg^PIV^−/−^ mice ([Fig. 5D](#f5-molce-39-6-468){ref-type="fig"}). All of these findings strongly suggest that Treg cells from CIITA^Tg^PIV^−/−^ mice have more potent *in vivo* suppressive activity on Th2-mediated allergic airway inflammation than Treg cells from WT mice.

DISCUSSION
==========

This study revealed a synergistic role of IL-4 produced by PLZF^+^ innate T cells in the process of TGF-β-dependent intrathymic generation of activated/memory-like Foxp3^+^ Treg cells. It is generally accepted that naturally occurring Foxp3^+^ Treg cells acquire an activated/memory-like phenotype when they encounter a specific antigen in the periphery ([@b17-molce-39-6-468]; [@b53-molce-39-6-468]). However, there are several lines of evidences showing that a small number of CD103^+^ Treg cells with the activated/memory-like phenotype still develop from the WT thymus ([@b2-molce-39-6-468]; [@b47-molce-39-6-468]), which was reconfirmed in the present study ([Fig. 1](#f1-molce-39-6-468){ref-type="fig"}). What we additionally showed in this paper was that more Treg cells in CIITA^Tg^PIV^−/−^, CIITA^Tg^ and Wt BALB/c mice than in their counterparts, developed with the activated/memory-like phenotype (high expression of CD44, CD54, CD103, CD127 and ICOS, and lower expression of CD62L; [Fig. 2](#f2-molce-39-6-468){ref-type="fig"}). As previously reported, PLZF^+^ innate T cells were strongly responsible for creating the IL-4 rich conditions ([@b1-molce-39-6-468]; [@b23-molce-39-6-468]; [@b24-molce-39-6-468]; [@b36-molce-39-6-468]; [@b52-molce-39-6-468]). The significant reduction in the number of CD103^+^ activated/memory-like Treg cells shown in CIITA^Tg^Plzf*^lu/lu^* and CIITA^Tg^IL-4^−/−^ mice, compared with that in CIITA^Tg^ mice, demonstrates the importance of both PLZF^+^ innate T cells and IL-4 for the acquisition of this phenotype ([Fig. 3A](#f3-molce-39-6-468){ref-type="fig"}). This was also the case in BALB/c.CD1d^−/−^, BALB/c.IL-4^−/−^ and BALB/c mice, indicating that the IL-4-dependent effect has physiological relevance ([Fig. 3B](#f3-molce-39-6-468){ref-type="fig"}).

Several groups previously reported the effects of IL-4 on the development and function of Treg cells ([@b11-molce-39-6-468]; [@b34-molce-39-6-468]; [@b46-molce-39-6-468]; [@b51-molce-39-6-468]). IL-4 partially prevents the apoptosis of nTreg cells and preserves their suppressive ability by maintaining the mRNA levels of Foxp3 and CD25 ([@b34-molce-39-6-468]). In the case of iTreg cell generation, the role of IL-4 is somewhat controversial. One group suggested that IL-4 and IL-13 play important roles in the extrathymic generation of Foxp3^+^CD25^+^ Treg cells via an antigen-dependent process ([@b46-molce-39-6-468]), while other groups reported that IL-4 inhibits the TGF-β mediated generation of Treg cells ([@b11-molce-39-6-468]; [@b51-molce-39-6-468]). In the present study, we reported on the peculiar role of IL-4 in the intrathymic acquisition of the activated/memory-like phenotype of Treg cells. Interestingly, similar to the intrinsic property of TGF-β to induce CD103 molecules in activated T cells ([@b12-molce-39-6-468]; [@b33-molce-39-6-468]), the enhanced CD103 expression during the intrathymic development of nTreg cells in CIITA^Tg^ and CIITA^Tg^PIV^−/−^ mice was also dependent on TGF-β ([Fig. 4C](#f4-molce-39-6-468){ref-type="fig"}). IL-4 alone could not induce this effect, but it had a synergistic effect on TGF-β during this process, as shown in FTOC ([Figs. 4A and 4B](#f4-molce-39-6-468){ref-type="fig"}).

In our *ex vivo* FTOC, CD103 expression was increased in both Foxp3^+^ and Foxp3^−^ CD4 T cell populations. During thymocyte development, the cooperation of TGF-β and Runx3 induces CD103 expression in CD8 single positive (SP) thymocytes and CD4^+^ Treg cells ([@b15-molce-39-6-468]). The main regulator of Runx3 expression in CD8 SP thymocytes is IL-7, but IL-4 has also been shown to induce Runx3 expression in these cells ([@b39-molce-39-6-468]). Moreover, we recently found that IL-4 produced by PLZF^+^ innate T cells could induce the expression of Runx3 in CD4-lineage thymocytes with low-affinity TCR ([@b20-molce-39-6-468]). Taking these findings, IL-4 seemed to enhance the TGF-β dependent CD103 expression in Foxp3^−^ thymocytes with low-affinity TCR as well as Treg cells via the induction of Runx3 expression.

We used CD103 as a major marker of activated/memory-like Treg cells. Murine Treg cells can be divided into two subsets based on their CD103 expression ([@b3-molce-39-6-468]; [@b18-molce-39-6-468]; [@b27-molce-39-6-468]) CD103^−/−^ Treg cells resemble naïve T cells, recirculating through the lymph nodes. In contrast, the CD103^+^ Treg cell subset has the typical features of activated/memory-like cells. Regarding suppressive activity, CD103^+^ activated/memory-like Treg cells were initially reported to be more potent suppressors, both *in vitro* and *in vivo*, than CD103^−^ Treg cells ([@b18-molce-39-6-468]). However, in subsequent studies, CD103^+^ Treg cells showed no difference in the suppression of effector T cell proliferation and cytokine production *in vitro* compared with the CD103^−^ subset, when anti-CD3 antibodies were used as a polyclonal stimulator ([@b7-molce-39-6-468]; [@b47-molce-39-6-468]). Consistent with these reports, Treg cells from CIITA^Tg^PIV^−/−^ mice attenuated the severity of ovalbumin-induced airway inflammation more efficiently than their WT counterparts, while an *in vitro* suppressive assay showed significantly different suppression between the two types of Treg cell only under culture conditions with high Treg cell numbers. Unlike in the *in vitro* system, the *in vivo* activity of Treg cells depends on their capacity to migrate into inflamed sites ([@b7-molce-39-6-468]; [@b13-molce-39-6-468]). In skin inflammation model, only CD103^+^ Treg cells efficiently migrated into inflamed skin ([@b18-molce-39-6-468]), and the *in vivo* suppressor function of tumor-derived activated/memory-like Treg cells depended on CCR5 expression ([@b7-molce-39-6-468]). Moreover, a high level of CCR4 expression in activated Treg cells was indispensable for attenuating allergic airway inflammation ([@b13-molce-39-6-468]). Consistent with this, Treg cells from CIITA^Tg^PIV^−/−^ mice also had a higher expression level of tissue-homing chemokine receptors, such as CXCR3, CCR5 and CCR4, than those from WT mice ([Fig. 2C](#f2-molce-39-6-468){ref-type="fig"}).

PLZF^+^ innate T cells have received considerable attention because of their unique intrathymic selection through the T-T interaction and pleiotropic production of cytokines as well as their role in the intrathymic generation of effector/memory type CD8 T cells ([@b23-molce-39-6-468]; [@b36-molce-39-6-468]; [@b52-molce-39-6-468]) and CD4 T cells ([@b20-molce-39-6-468]; [@b40-molce-39-6-468]; [@b41-molce-39-6-468]). In this study, we demonstrated that PLZF^+^ innate T cells also contribute to the acquisition of the activated/memory phenotype in nTreg cells in WT BALB/c and CIITA^Tg^ mice. Taking these findings, PLZF^+^ innate T cells modulate the intrathymic development of both effector and Treg cells by producing IL-4.
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![The frequency of CD103^+^Foxp3^+^CD4^+^ naturally occurring (nTreg) cells increased in the presence of thymic PLZF^+^ innate T cells. Flow cytometric analysis of total thymocytes or splenocytes from 8-week-old WT, CIITA^Tg^, and CIITA^Tg^PIV^−/−^ C57BL/6 mice assessing the PLZF (A) and Foxp3 (B) expression in CD4^+^ cells. Representative dot plots (left panel) and summarized results (right panel) are displayed. The numbers in quadrants indicate the percentages of cells. (C) The number of CD103 positive cells among thymic and splenic Foxp3^+^CD4^+^ T cells increased in CIITA^Tg^ and CIITA^Tg^PIV^−/−^ mice compared with that in WT mice. The numbers in the histogram (left panel) indicate the percentages of Treg cells that are CD103^+^ cells. Summarized data of the frequency of the CD103^+^ fraction of Foxp3^+^CD4^+^ cells are shown in the right panel. The bars indicate the group means, ns, not significant; ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.001; ^\*\*\*^*P* \< 0.0001.](molce-39-6-468f1){#f1-molce-39-6-468}

![CD103^+^Foxp3^+^ regulatory T cells show the activated/memory-like phenotype. The expression patterns of markers associated with the activated/memory-like phenotype (A) were compared among four groups of cells; Foxp3^−^CD4^+^ non-Treg cells from WT mice (Control), CD103^−^Foxp3^+^CD4^+^ Treg cells from WT mice (WT CD103^−^), CD103^+^Foxp3^+^CD4^+^ Treg cells from WT mice (WT CD103^+^), and CD103^+^Foxp3^+^CD4^+^ Treg cells from CIITA^Tg^PIV^−/−^ mice (CIITA^Tg^PIV^−/−^ CD103^+^). These four groups of cells were identified in CD4 SP (CD4^+^CD8^−^) thymocytes and splenocytes via flow cytometric analysis after staining with antibodies against CD4, CD8, CD103 and Foxp3. In addition, molecules associated with inhibitory function (B) and chemotaxis (C) were also analyzed in Treg (WT CD103^−^, WT CD103^+^, CIITA^Tg^PIV^−/−^ CD103^+^) and non-Treg (Control) cells from CD4 SP thymocytes of WT and CIITA^Tg^PIV^−/−^ mice. Numbers in the histogram represent the median fluorescence intensity of surface molecules of the indicated cell population. Data are representative of three independent experiments.](molce-39-6-468f2){#f2-molce-39-6-468}

![The generation of activated/memory-like regulatory T cells depends on IL-4 produced by thymic PLZF^+^ innate T cells. (A) CD103 expression profile from Treg cells (Foxp3^+^CD4^+^CD8^−^) in the thymus of WT, CIITA^Tg^, CIITA^Tg^Plzff*^lu/lu^*, IL-4^−/−^ and CIITATgIL-4^−/−^ C57BL/6 mice. Representative flow cytometry data (left panel) and a cumulative summary (right panel) of the percentage of CD103^+^ cells among Foxp3^+^CD4^+^ Treg cells are presented. Numbers in the histogram indicate the percentages of the CD103^+^ population among Treg cells. (B) Expression pattern of CD103 from Treg cells (Foxp3^+^CD4^+^CD8^−^) in the thymus and spleen of WT, CD1d^−/−^ and IL-4^−/−^ BALB/c mice. Representative flow cytometry data (left panel) and a cumulative summary (right panel) of the percentage of CD103^+^ cells among Foxp3^+^CD4^+^ Treg cells are presented. Numbers in the histogram indicate the percentages of the CD103^+^ population among Treg cells. ns, not significant; ^\*\*^*P* \< 0.001; ^\*\*\*^*P* \< 0.0001.](molce-39-6-468f3){#f3-molce-39-6-468}

![IL-4 augments the TGF-β-induced acquisition of the activated/memory-like phenotype of Treg cells. (A) Fetal thymuses from E15.5 C57BL/6 mice were cultured in the presence or absence of murine IL-4, murine TGF-β1 or both for 7 days. Two to three fetal thymic lobes were used for each condition, and pooled cells were analyzed by flow cytometry. The representative FACS data (left panel) and calculated frequency of CD103^+^ cells among Foxp3^+^ CD4 SP (CD4^+^CD8^−^) thymocytes are displayed as a cumulative summary (right panel). Numbers in quadrants indicate the percentage of cells and bars in the summary indicate the mean value. (B) TGF-β receptor signaling is necessary to induce the CD103 expression of Treg cells. FTOC was performed with murine TGF-β1 for 7 days in the presence or absence of an ALK5 chemical inhibitor (SB-431542) or TGF-β1 blocking antibodies. Representative FACS data of CD4 SP thymocytes (left panel) and their cumulative summary (right panel) are shown. Numbers in quadrants indicate the percentages of cells and bars in the summary indicate the mean value. (C) T cell-depleted bone marrow cells from CD45.1^+^ CIITA^Tg^ were mixed with those of WT or Smad4^−/−^ C57BL/6 mice, respectively, at a 1:1 ratio. The mixed bone marrow cells were transferred to lethally irradiated CD45.1/CD45.2^+^ CIITA^Tg^PIV^−/−^ recipients via intravenous injection. At 6--7 weeks after the transfer, the thymocytes and splenocytes of bone marrow chimera were analyzed by flow cytometry: CD45.1^+^ CD45.2^−^ cells were considered to be generated from CIITA^Tg^ bone marrow and CD45.22-cells thymocytes from WT or Smad4^−/−^ bone marrow. CD103^+^ fractions among Foxp3^+^CD4^+^ Treg cells were compared between CIITA^Tg^ and WT or Smad4^−/−^ populations in individual mice. •, CIITA^Tg^+ WT ➔ CIITA^Tg^PIV^−/−^, n = 5; ○, CIITA^Tg^ + Smad4^−/−^ 4 ➔CIITA^Tg^ PIV^−/−^, n = 6. ns, not significant; ^\*^*P* \< 0.05; ^\*\*\*^*P* \< 0.0001.](molce-39-6-468f4){#f4-molce-39-6-468}

![Airway inflammation is efficiently suppressed by Treg cells from the CIITA^Tg^PIV^−/−^ mice. (A) CFSE-labeled CD4^+^GFP^−^ effector T cells (Teff) isolated from Foxp3-GFP knock-in mice were mixed with CD4^+^GFP^+^ Treg cells from CD45.1 Foxp3-GFP-knock-in WT or CIITA^Tg^PIV^−/−^ C57BL/6 mice at various ratios (Teff only, or Teff:Treg 1:1, 3:1, and 9:1), and stimulated with anti-CD3/CD28 microbeads (bead-to-cell ratio, 1:1) for 3 days. Proliferation was assessed by measuring the dilution of CFSE in CD45.1^−^ effector T cells by flow cytometry. A representative result from three independent experiments is shown. (B--D) The ovalbumin-sensitized C57BL/6 mice at days 0 and 7, were treated with 2.0 × 10^5^ of CD4^+^GFP^+^ Treg cells isolated from CD45.1^+^Foxp3-GFP knock-in WT or CIITA^Tg^PIV^−/−^ C57BL/6 mice 1 day before three consecutive intranasal doses of ovalbumin (on days 1416). These mice were sacrificed on day 17, and we obtained differential counts of cytospin preparations from BAL cells (B), flow cytometry data of lung eosinophils (C), and lung histology sections stained with hematoxylin/eosin for the analysis of cellular inflammation (D). For the eosinophil count, cells harvested from lungs were stained for I-A^b^, CD11c, Siglec-F, and Gr-1, and the Siglec-F^hi^Gr-1^int^ fraction in I-A^b−^CD11c^−^ cells was analyzed (C). Numbers in boxes indicate the percentages of eosinophils. The cumulative data of the percentages (middle panel) and absolute numbers (right panel) of eosinophils from the lung are shown. Bars indicate the mean value ± SEM. ns, not significant; ^\*^*P* \< 0.05; ^\*\*^*P* \< 0.001; ^\*\*\*^*P* \< 0.0001. Original magnification of lung photographs, ×40.](molce-39-6-468f5){#f5-molce-39-6-468}
